Novitate MUSEUM 


ovitates 


PUBLISHED BY THE AMERICAN MUSEUM OF NATURAL HISTORY 


CENTRAL PARK WEST AT 79TH STREET, NEW YORK, N.Y. 
Number 3105, 29 pp., 20 figures, 4 tables 


10024 
June 24, 1994 


Skeletal Morphology of Mononykus olecranus 
(Theropoda: Avialae) from the Late 
Cretaceous of Mongolia! 


PERLE ALTANGAREL,? LUIS M. CHIAPPE,? BARSBOLD RINCHEN,‘ 
JAMES M. CLARK,? AND MARK A. NORELL?* 


ABSTRACT 


A detailed description of the holotype specimen 
of Mononykus olecranus, a basal flightless bird 
from the Late Cretaceous Nemegt Formation of 
Mongolia, is presented. The holotype comprises a 
fragmentary skull, most precaudal vertebrae, fore 
and hindlimbs, the thoracic girdle, and fragments 
of the pelvis and synsacrum. In the skull, caudal, 
dorsal, and rostral tympanic recesses are well de- 
veloped. The maxilla is toothless, and the anterior 
margin of the antorbital fossa lacks accessory fe- 
nestrae. The only dental element found is a tiny 
isolated tooth that lacks serrations and has a con- 
stricted base. The axial skeleton is remarkable in 
having a biconvex posterior dorsal vertebra, and 


keeled posterior synsacral vertebrae. The forelimb 
is short and extremely robust. The humerus bears 
a prominent deltopectoral crest. The olecranon 
process of the ulna is hypertrophied. The carpo- 
metacarpus is very short, subquadrangular, and 
massive. The alular digit is extremely robust, bear- 
ing a robust ungual phalanx. The sternum is stout 
and carinate. In the pelvis, the ilium bears a strong 
antitrochanter and the pubis is retroverted. The 
hindlimb is gracile. In the femur the trochanteric 
crest 1s undivided, and the popliteal fossa is 
bounded distally by projections from both con- 
dyles. The tibia and proximal tarsals are partially 
fused. Two cnemial crests are present on the tibio- 
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tarsus. The metatarsals are unfused; metatarsal III 
is completely reduced proximally and does not 
reach the tarsus. 

Mononykus olecranus emphasizes the complex- 
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ity of the transition between nonavialian thero- 
pods and modern birds, witnessing the differen- 
tiation of a totally new group of basal birds during 
the Cretaceous. 


INTRODUCTION 


The discovery of Archaeopteryx lithogra- 
phica in the second half of the last century 
was a critical step in documenting the early 
evolution of birds. Since this discovery, and 
especially in the last 20 years, the description 
of several taxa of nonavialian theropods (Os- 
trom, 1969; Barsbold 1983), paralleled by de- 
velopments in systematic procedure (Swof- 
ford, 1985; Farris, 1988; Maddison and 
Maddison, 1992), has elucidated the special 
relationship between birds and some groups 
of nonavialian theropod dinosaurs. This hy- 
pothesis, strongly supported by character ev- 
idence, suggests that birds are a clade of man- 
iraptoran dinosaurs (Gauthier, 1986). Until 
recently, however, new fossil remains of basal 
avialians have not been forthcoming. 

Over the last ten years, a series of remark- 
able discoveries of avialian theropods has 
provided important new evidence concern- 
ing the origin and diversification of this group 
of vertebrates (Kurochkin, 1985; Chiappe, 
1991, 1992; Sanz and Bonaparte 1992; Sanz 
and Buscalioni, 1992; Sereno and Rao, 1992; 
Zhou et al.,1992; Wellnhofer, 1992; and oth- 
ers). Although these findings have provided 
significant evidence about early avialian evo- 
lution, many are incomplete, and most are 
preserved in essentially two dimensions, 
making detailed description of critical oste- 
ological features dificult or impossible. 

In a shorter paper, Perle et al. (1993a, b) 
provided a preliminary description of a new 
player in this discussion: Mononykus ole- 
cranus, a taxon of basal avialians represented 
by two well-preserved skeletons. This taxon 
is both larger than other basal birds and rad- 
ically different in morphology. Instead of a 
small, winged animal, Mononykus olecranus 
is turkey sized and lacks specializations for 
flight. Because of space limitations, the ear- 
lier paper did not allow detailed morpholog- 
ical description or adequate discussion of ei- 
ther of the two specimens. In fact, slight 
differences may support their allocation to 
two distinct taxa. Details concerning only the 


holotype specimen are provided here and in 
a separate paper devoted to the cranium. 

The importance of this specimen is two- 
fold. First, it documents the appearance of a 
previously unknown group of avialians (No- 
rell et al., 1993a). Members of this group have 
now been identified (on the basis of shared 
derived characters) in the collections of the 
Mongolian-American Museum Paleontolog- 
ical Expedition collections from the Dja- 
dokhta (Tugrugeen Shireh) and Barun Goyot 
(Khermeen Tsav) formations, and in collec- 
tions of the 1923 Central Asiatic Expedition 
made in the Djadokhta Formation at Bayn 
Dzak (the Flaming Cliffs) (Norell et al., 
1993a). Because of the unusual, but charac- 
teristic, morphology of Mononykus olecran- 
us, we expect that other members of this group 
will be discovered in collections once the 
morphology has been documented. Second, 
the remarkable preservation of this specimen 
allows examination of features unknown or 
controversial in Archaeopteryx lithographica, 
thereby allowing the primitive condition for 
basal avialians to be ascertained. Thus, al- 
though the skeleton of Mononykus olecranus 
is highly specialized, it has direct bearing on 
the problem of the origin and early diversi- 
fication of birds. 


GEOLOGY 


The holotype specimen of Mononykus ole- 
cranus was discovered by Namsarai B., a pre- 
parator at the Mongolian Museum of Natural 
History during the 1987 Soviet-Mongolian 
Paleontologic expedition. The holotype lo- 
cality (fig. 1), Bugin Tsav, lies in South Gobi 
Aimak, southwest Mongolia. 

The specimen is from the Nemegt For- 
mation. The age of the Nemegt Formation is 
problematic. Like most Mongolian Mesozoic 
formations, chrono-stratigraphic data have 
yet to be produced. This is compounded by 
the high endemicity of the Mongolian fauna 
and a lack of intertonging relationships with 
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marine sediments (Lillegraven and McKen- 
na, 1986). 

The Nemegt sediments overlie those of the 
Barun Goyot Formation in the Nemegt Basin 
and themselves are overlain by Early Paleo- 
gene rocks. The absolute or correlative age 
of these beds cannot be ascertained, but best 
estimates based on intercontinental correla- 
tion of vertebrates usually place the Nemegt 
Formation in the mid-Maastrichtian (Jerzy- 
kiewicz and Russell, 1991). This is based on 
the occurrence of dinosaur taxa (e.g., Sau- 
rolophus) that are similar to North American 
Maastrichtian taxa. 

The holotype specimen of Mononykus ole- 
cranus was collected from variegated, pre- 
dominantly red sandstones as an associated 
skeleton with articulated fore and hindlimbs 
and vertebrae. In the immediate vicinity of 
the holotype skeleton the remains of chelo- 
nians and the tyrannosaurid Tarbosaurus ba- 
taar were recovered. 


MATERIALS AND METHODS 


Anatomic nomenclature mostly follows 
Baumel and Witmer (1993), using the English 
equivalents of the Latin terminology. The ex- 
trapolation of modern avian nomenclature to 
successive sister groups and even nonavialian 
theropods is based on acceptance of the the- 
ropodan hypothesis of avialian origins (Os- 
trom, 1976a; Gauthier, 1986). For most fea- 
tures of modern birds it is possible to trace 
homologous structures in more basal birds 
and nonavialian theropods. 

Concerning taxonomic nomenclature, there 
is disagreement as to what level the term Aves 
should be applied. Traditionally it is used to 
name a group including all taxa descended 
from the last common ancestor of Archae- 
opteryx lithographica and modern birds, al- 
though Hennig’s (1969, 1981) concepts of to- 
tal group (e.g., Ax, 1987; Patterson, 1993) 
and crown group (e.g., Gauthier, 1986; Perle 
et al., 1993) have been also applied to this 
clade. In this paper we apply the crown-group 
concept (Hennig’s method 1; see Patterson, 
1993 and Norell et al., 1993b) following re- 
cent theoretical suggestions restricting the use 
of commonly used names to crown groups 
based on ancestry of extant taxa (Rowe and 
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Gauthier, 1992; De Queiroz and Gauthier, 
1992: see also a different viewpoint in Lucas, 
1992). Applied to birds this requires that Aves 
be restricted to the crown group (Gauthier, 
1986), which is composed of all taxa descend- 
ed from the last common ancestor of extant 
bird species. Gauthier (1986) further recog- 
nized the term Avialae for the traditional tax- 
on Aves. The casual collective term “‘modern 
birds’”’ corresponds to Gauthier’s Aves, and 
‘“‘birds”’ refers to all avialians. 

In our original report of Mononykus ole- 
cranus (Perle et al., 1993a) we used the spell- 
ing ““Mononychus.”’ After the publication of 
this report we learned that this name is pre- 
occupied by a coleoptera, and therefore the 
spelling was modified to Mononykus (Perle 
et al., 1993b). 

Although this study was based on the orig- 
inal specimen, most of the specimen photos 
in this paper (figs. 4A, 5, 6, 8, 10-18) were 
prepared from a cast of the holotype speci- 
men prepared in polyurethane in the De- 
partment of Vertebrate Paleontology of the 
American Museum of Natural History. A list 
of anatomical abbreviations is given in Ap- 
pendix 1. 


SYSTEMATIC PALEONTOLOGY 


THEROPODA 
AVIALAE 
METORNITHES 


Mononykus olecranus 
Perle et al., 1993 


HoLotyPe: GI N107/6 (Geological Insti- 
tute, Mongolian Academy of Sciences). In- 
cludes a fragmentary skull preserving the 
braincase, a portion of the right maxilla, and 
a tooth; eight cervical and eight dorsal ver- 
tebrae; the first, part of the second, and the 
last synsacral vertebrae; and one proximal 
caudal vertebra; both forelimbs; incomplete 
left coracoid, both scapulae, and sternum; 
three proximal ends of ribs; the acetabular 
portion of the left ilium, and both proximal 
portions of the pubes; both femora, left and 
partial right tibiotarsi, proximal end of right 
fibula, proximal and distal portions of left 
metatarsals II-IV, phalanges of left digits II- 
IV, left metatarsal I and phalanges, distal por- 
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Fig. 1. 
Mononykus olecranus was found. 


tion of right metatarsals II and IV, and sev- 
eral phalanges of the right foot. 

LOCALITY AND Horizon: Bugin Tsav, South 
Gobi Aimak, southwest Mongolia (fig. 1). 
Nemegt Formation (mid-Maastrichtian), Late 
Cretaceous (Jerzykiewicz and Russell, 1991). 

DraGnosis: Mononykus olecranus is diag- 
nosed by an extremely robust and short fore- 
limb with a pronounced deltopectoral crest 
of the humerus; single distal condyle of hu- 
merus; ventral tubercle of humerus pro- 
nounced; extremely short shafts of ulna and 
radius; very long olecranon process of ulna; 
carpometacarpus massive, short, quadran- 
gular, with no intermetacarpal space; alular 
digit much larger than major and minor digits; 
claw of alular digit robust; anterior dorsal 
vertebrae with zygapophysial articulation 
surfaces in same plane as costal fossae and 
transverse processes; biconvex posterior dor- 
sal vertebra; procoelic synsacral vertebrae; 
caudal synsacral vertebral bodies extremely 
compressed laterally and ventrally keeled; 
sternum with thick carina; robust and hori- 
zontally projected antitrochanter; two cne- 
mial crests on tibiotarsus; medial margin of 
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Map of Mongolia indicating the locality of Bugin Tsav where the holotype specimen of 


ascending process of astragalus excavated by 
deep notch. 


DESCRIPTION 
Skull 


A detailed description of the holotype skull 
is presented elsewhere, which we briefly sum- 
marize here. Although only a fragmentary 
braincase, the rostral portion of the right 
maxilla, an isolated tooth, and other uniden- 
tifiable fragments are preserved, they afford 
significant evidence on the primitive avialian 
cranial morphology. Especially important is 
the middle ear region and its associated air 
sinuses. The tympanic cavity of Mononykus 
olecranus is bordered dorsally by the prootic, 
which forms part of the cotyla for articulation 
with the single-headed quadrate (fig. 2). This 
cavity is bordered caudally by the paroccip- 
ital process and the metotic strut, with the 
latter forming the posteroventral margin as 
well. The metotic strut forms the concave 
floor of the tympanic cavity. The columellar 
recess is large and confluent with the tym- 
panic recesses. Inside the columellar recess, 
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a large subtriangular vestibular fenestra is 
separated from a large cup-shaped cavity by 
the crista interfenestralis; the latter cavity 
bears the cochlear fenestra rostrally, and the 
entrance of the caudal tympanic recess pos- 
teriorly. - 

The articular facet for the quadrate is 
formed by both squamosal and prootic. Cau- 
dal to the quadrate articulation lies a small 
foramen leading to an air-space inside the 
prootic, that we interpret as the dorsal tym- 
panic recess. The caudal tympanic recess has 
both dorsal and ventrolateral entrances in the 
paroccipital process. Anteriorly, the facial fo- 
ramen (CN VII) is single and at about the 
same level as the vestibular fenestra. Just 
ventral to the facial foramen is the entrance 
to the rostral tympanic recess, which has both 
dorsal and ventral outpocketings. 

The only preserved rostral bone is an an- 
terior fragment of the right maxilla (fig. 2). 
In lateral view, the ventral margin is sinu- 
soidal in several small waves. It is interesting 
that although the dentigerous margin itself is 
not preserved, there is no indication of al- 
veoli, suggesting that teeth were restricted to 
the unpreserved most anterior part of the 
maxilla or the premaxilla. Laterally, dorsal 
to the dentigerous margin, the maxilla is 
sculptured with fine striations, lacking the 
small nutrient foramina present in nonavi- 
alian theropods such as Velociraptor mon- 
goliensis. The rostroventral angle of the an- 
torbital fenestra is preserved. Curiously, it 
appears that this portion of the maxilla is not 
perforated with an entrance to the antorbital 
sinus as in Archaeopteryx lithographica and 
nonavialian theropods (Witmer, 1987, 1990). 

A single tooth was found within the brain- 
case close to the maxilla (see Perle et al., 1993: 
fig. 3). It is extremely small, laterally com- 
pressed, spatulate, and leaf shaped. The tooth 
surface is mostly smooth, although some flut- 
ing 1s present proximal to the apex. It pos- 
sesses rostral and caudal carinae lacking ser- 
rations. The tooth base is constricted, just 
proximal to the end of the enamel covering. 


Vertebral Column 


The holotype specimen of Mononykus ole- 
cranus preserves 16 presacral vertebrae, the 
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cranial and caudal ends of the synsacrum, 
and a proximal caudal vertebra. As in many 
other fossils, the distinction between cervical 
and dorsal vertebrae is in some ways arbi- 
trary, because the widely used criterion of 
identifying dorsals as those vertebrae carry- 
ing ribs articulated to the sternum (King and 
McLelland, 1984) cannot be applied. Hence, 
on the basis of general morphology, we con- 
sider that among the 16 presacral vertebrae, 
eight are cervicals, three cervico-dorsals, and 
five dorsals. 

The vertebrae lack pleurocoels, and their 
bodies exhibit a remarkable lateral compres- 
sion to an extent that varies in the different 
regions of the vertebral column. 

CERVICAL VERTEBRAE: The exact number of 
cervical vertebrae of Mononykus olecranus is 
uncertain. Because none of the eight pre- 
served elements are the atlas or the axis, how- 
ever, a minimum number of 10 cervicals is 
estimated. 

The cervical vertebrae are poorly pre- 
served, but several remarkable features are 
visible. The vertebral arches are broad (es- 
pecially in the anterior vertebrae) and the spi- 
nous processes are very low (fig. 3B, C). In 
the cranialmost vertebra, an anterior cervi- 
cal, the vertebral arch is missing; however, 
on the basis of the morphology of the dorsal 
portion of the body, the vertebral arch was 
broad and probably low. The middle cervi- 
cals exhibit small dorsal tori on the caudal 
zygapophyses. In the posterior cervicals, the 
caudal zygapophyses become widely sepa- 
rated from each other, and the vertebral arch- 
es increase in height (fig. 3B, C). 

The caudal articular facets of the cervical 
vertebrae of Mononykus olecranus are 
strongly concave (opisthocoelous), and the 
centra are very constricted medially (fig. 3A). 
The body of the first preserved vertebra is 
elongate and low; the cross section is nearly 
triangular. In the remaining anterior cervi- 
cals, the bodies are elongate and remarkably 
low as well. Caudally, the vertebral bodies 
gradually decrease in length (fig. 3B, C). Cran- 
ioventrally, the body of the anterior seven 
preserved vertebrae possesses a furrow bound 
by lateral tubercles (fig. 3A). This structure 
resembles the carotid process and groove 
through which the internal carotid artery 
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Fig. 2. Stereopair of ventrolateral view of skull, holotype specimen of Mononykus olecranus. 


passes in modern birds. Lateral to the carotid 
process, and separated from it by a small 
groove, are robust and prominent costal fo- 
veae (fig. 3A, B). The cervical ribs of Mon- 
onykus olecranus were, therefore, not fused 
to the vertebrae. 

CERVICODORSAL VERTEBRAE: Three articu- 
lated vertebrae are transitional between the 
typical cervicals and dorsals. These three ver- 
tebrae have a strongly concave (opisthocoe- 
lous) caudal articular facet (fig. 4A), and the 
cranial articular facet is distinctly ball-shaped 
(fig. 4B, C). The bodies of these vertebrae are 
very compressed, and their ventral surface 
forms a sharp ridge (fig. 4B). In the first ver- 
tebra no ventral process is present, while small 
ventral processes are developed in the second 
and third cervicodorsals (fig. 4C). The ver- 
tebral arch of these vertebrae is higher than 
in the cervical series. In the first vertebra the 
costal fovea is below the articular facet of the 
cranial zygapophyses, approximately at the 


middle of the vertebral arch, while this ar- 
ticulation surface is located at the level of the 
cranial zygapophyses in the remaining two 
cervicodorsals (fig. 4C). An incipient infra- 
postzygapophysial fossa 1s present in the first 
cervicodorsal vertebra. This fossa increases 
in size and depth in the caudal two cervico- 
dorsals (fig. 4A). The spinous process of the 
vertebral arch is preserved only in the second 
cervicodorsal vertebra; it is low and in lateral 
aspect has a dorsally convex outline (fig. 4C). 

DORSAL VERTEBRAE: Only five dorsal ver- 
tebrae are preserved, and the actual number 
of dorsal elements is unknown. All dorsal 
vertebrae, with the exception of the last one 
preserved (see below), have concave (opisth- 
ocoelous) caudal articular facets (figs. 5C, 6A). 
As in the cervicodorsal vertebrae, the cranial 
articular facets of these vertebrae are dis- 
tinctly ball-shaped (figs. SA, B, 6B, 7A). The 
bodies of the dorsal vertebrae are strongly 
compressed laterally and, as in the remaining 
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Fig. 2. Continued. 


vertebrae, they lack pleurocoels (figs. 5, 6, 7). 
The degree of lateral compression decreases 
in more caudal vertebrae. The vertebral fo- 
ramen is very large with respect to the body 
(figs. SC, 6A, 7B, C). Dorsal vertebrae lack 
hyposphens and hypantra. 

The first and second preserved dorsal ver- 
tebrae are very similar. The vertebral arches 
of these vertebrae are higher than the pre- 
ceding ones. The costal foveae are at the same 
level as the transverse processes (fig. SA). 
Likewise the zygapophysial articulation sur- 
faces are in the same plane as the costal fo- 
veae and transverse processes (fig. 5B). The 
infrapostzygapophysial fossa is well devel- 
oped (fig. SC), becoming reduced posteriorly. 
The spinous process of the vertebral arch is 
low, and in lateral view exhibits a convex 
dorsal outline (fig. 5A, B). In the vertebral 
bodies, the caudal articular facets are verti- 
cally oval to subtriangular in caudal view (fig. 
5C). The body of the first vertebra possesses 


an outstanding ventral process projecting 
vertically from its cranial half (fig. 5A), but 
the ventral process of the second preserved 
dorsal vertebra is much less developed, sim- 
ilar to that in the cervicodorsal vertebrae (see 
above). 

The next two preserved vertebrae are in 
articulation (fig. 6). In these elements the spi- 
nous process of the vertebral arch is much 
more developed than in the preceding dorsals 
(cf. figs. SA, 6B), and has a bifurcated caudal 
tip (fig. 6A). In the first of these two vertebrae 
the spinous process is caudodorsally directed. 
In the more caudal vertebra, the spinous pro- 
cess 1s dorsally (vertically) directed, and also 
higher than in the more cranial vertebra (fig. 
6B). In contrast to the condition in the pre- 
ceding dorsal vertebrae, the costal foveae of 
these two vertebrae are located below the lev- 
el of the zygapophyses (fig. 6B). The infra- 
postzygapophysial fossa of these two verte- 
brae is less developed than in the preceding 
dorsals (cf. figs. SC, 6A). The vertebral bodies 
of these two elements differ from that of the 
preceding dorsals in that they have no ventral 
processes and the caudal articular facets are 
round instead of oval-subtriangular in caudal 
view (cf. figs. 5, 6). 

The ultimate preserved dorsal vertebra dif- 
fers from all other vertebrae of Mononykus 
olecranus in that the body has biconvex ar- 
ticular facets (fig. 7). In this vertebra costal 
fovea are absent from the centrum (fig. 7A). 
Because the transverse processes are broken, 
the relationship between the rib articulations 
is unclear. No infrapostzygapophysial fossa 
is present (fig. 7C). The body of this vertebra 
is less laterally compressed than in the pre- 
ceding dorsals. 

SYNSACRUM: Only the cranial and caudal 
ends of the synsacrum are present on the ho- 
lotype specimen, basically preserving the ver- 
tebral bodies. The cranial extremity of the 
synsacrum (fig. 8A) is concave (procoelic) 
suggesting that if the biconvex dorsal is not 
the last dorsal, then the last element of the 
dorsal series was procoelic. The centrum of 
the first synsacral vertebra also exhibits the 
lateral compression of the presacral verte- 
brae, although (as in the biconvex dorsal) to 
a lesser degree than the anterior dorsals. The 
costal process of this vertebra is broad, and 
it was probably incorporated with the second 
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Fig. 4. Cervicodorsal vertebrae of holotype 
specimen of Mononykus olecranus. A, Caudal view 
of last cervicodorsal; B, ventral view; C, right lat- 
eral view. 


sacral vertebra to form a continuous shelf. 
The caudal end of the synsacrum is laterally 
compressed and ventrally the centrum forms 
a well-developed keel (fig. 8B). The caudal 
articular surface is convex, indicating that the 
anteriormost caudal vertebra was procoelic. 

Caudal vertebrae: A single proximal caudal 
is preserved in the holotype specimen. The 
cranial articular facet of this vertebra is su- 
boval and concave. The caudal articular facet 
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TABLE 1 
Measurements (mm), Vertebral Column, Holotype 
Specimen of Mononykus olecranus 


A. Maximum length of centrum 
B. Width of centrum across parapophyses 
C. Maximum height of centrum + vertebral canal 
(measured caudally) 
Preserved cervical vertebrae 
Cl C2 C3 C4 C5 C6 C7 C8 
A 17.5 — — — 169 14.5 13.7 13.4 
B 64 8.2 — — _ 9.3 11.2 10.5 
Cc — — _ — — 153 — — 
Cervicodorsal 
vertebrae 
CD1 CD2 CD3 
A 15.1 17.2 — 
B 6.2 6.5 6.7 
Cc —- 201 — 


Preserved dorsal (D) and 
sacral (S) vertebrae 


Di D2 D3 D4 DS Sl 82 


A 17.5 15.3 14.5 14.2 14.1 14.2 14.1 
B 64 63 74 — 8.8 11.7 7.8 
C 28.2 29.4 — _ — _ - 


has a strong ball-shaped surface. The body is 
compressed laterally, and ventrally it forms 
a sharp edge. 


Thoracic Girdle and Ribs 


The holotype specimen of Mononykus ole- 
cranus lacks the furcula. Additional speci- 
mens must be examined before considering 
this either an artifact of the preservation or 
an apomorphic condition of this taxon. 

SCAPULA: Both scapulae are preserved in 
the holotype specimen. The scapula of Mon- 
onykus olecranus is firmly articulated, though 
not fused, to the coracoid (fig. 9). The scap- 
ular shaft is slender and lateromedially com- 
pressed, especially in the caudal half. In lat- 


_ 


Fig. 3. Cervical vertebrae of holotype specimen of Mononykus olecranus. A, Stereopair of ventral 
view of last three preserved cervicals in ventral view; B, right lateral view of last seven preserved 
cervicals; C, left lateral view of last seven preserved cervicals. 
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Fig. 5. 
A, B, Left lateral view; C, caudal view of the second one. 


eral view the scapular shaft is straight with 
parallel dorsal and ventral margins. At the 
caudal end the scapular shaft widens and ends 
abruptly. 

The cranial end is dorsoventrally expanded 
and somewhat curved medially. The acro- 
mion of the scapula is well developed. The 
humeral articular facet is slightly concave and 
faces cranioventrally. The scapula is thickest 
dorsal to this facet, at the level of the ventral 
part of the coracoid articular area. The sur- 
face for the attachment of the coracoid is sub- 
triangular and much larger than the humeral 
articular facet. 

CORACOID: Only the lateral part of the left 
coracoid is preserved in the holotype speci- 
men. The coracoid is short, crescent-shaped, 
and broader than long (fig. 9). The coracoidal 
shaft is dorsoventrally flat, and laterally pro- 
jected. No bicipital tubercle is present on the 
shaft of the coracoid. The lateral margin is 
deeply concave, and the sternal end is deeply 
convex. Below the scapular articulation, the 
shaft is perforated by a subcircular supracor- 
acoid nerve foramen. The humeral articular 
facet is slightly convex and is displaced to- 
ward the ventral surface. This facet is devel- 
oped in the same plane as the humeral artic- 
ular facet of the scapula. 

STERNUM: The sternum of Mononykus ole- 
cranus is a stout, elongate bone, that is sub- 
triangular in cross section (fig. 10). It is very 
simple and small, with no processes or artic- 
ular surfaces developed. The visceral surface 
is slightly concave. The sternum bears a ro- 
bust carina (fig. 1OA, B). Rostrally the carina 
possesses two ridges, the lateral crests, that 


Anterior first two preserved dorsal vertebrae of holotype specimen of Mononykus olecranus. 


define a median groove (sulcus carinae) sim- 
ilar to the one present in some modern birds 
(e.g., galliforms, cathartids) (fig. 10A). The 
sternal body and carina taper caudally, al- 
though the most caudal end is missing. 

The interpretation of this bone as a ster- 
num is based on its general morphology (e.g., 
lateral crests, carina, concave visceral sur- 
face). It should be noted that no coracoidal 
or rib articular facets are present. This is un- 
like more advanced birds but similar to the 
condition present in nonavialian theropods 
(Barsbold, 1983). 

Riss: Only the proximal ends of three dor- 
sal ribs are preserved in the holotype speci- 
men. Both the capitulum and tuberculum are 
well developed. The shafts of these ribs are 
not pneumatized and are strongly com- 
pressed craniocaudally. 


Thoracic Limb 


HuMERuS: The holotype specimen pre- 
serves both humeri, the left with the delto- 
pectoral crest and the ventral tubercle miss- 
ing. The humerus of Mononykus olecranus is 
short and robust (fig. 11). The proximal and 
distal ends are expanded in the same plane. 
The proximal extremity exhibits a prominent 
ventral tubercle, distinctly separated from the 
humeral head by a depression in the caudal 
surface (fig. 11C). This tubercle projects prox- 
imally and is ventrally directed. The humeral 
head is well developed, concave cranially, and 
convex caudally (fig. 11D). The humerus ex- 
hibits a hypertrophied, craniodorsally ori- 
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ented, deltopectoral crest, which rises from 
the dorsal margin of the humerus as a pillar 
like cross-sectionally oval structure. 

The humeral shaft is massive and cranio- 
caudally compressed. Distally, 1t possesses 
only a single, large, condylar structure (fig. 
11A). This condyle is subtriangular in cranial 
view, and is mostly developed on the cranial 
surface. In distal view, this structure is ex- 
panded craniocaudally and is also subtrian- 
gular (fig. 11E). The distal extremity of the 
humerus bears a prominent and robust dorsal 
epicondyle, projecting dorsodistally. The 
caudal surface of the distal end is concave, 
and no olecranon fossa is visible (fig. 11C). 

ULNA: The holotype specimen preserves 
the right ulna and the distal part of the left 
one. The ulna is twice the length of the radius 
(fig. 12A). This is a result of the hypertrophy 
of the olecranon, which forms nearly half of 
the ulnar length. The olecranon is craniocau- 
dally compressed and tapers proximally to 
form a rounded end. There is a single ulnar 
cotyla, subtriangular in proximal view (fig. 
12B). The ulnar shaft is short and compressed 
dorsoventrally. The caudal border forms a 
stout ridge that proximally continues on the 
olecranon. No papillae for the insertion of 
secondary flight feathers are visible. The dis- 
tal end bears a well-developed carpal trochlea 
that in distal view is subtriangular and cau- 
docranially expanded (fig. 12C). 

Radius: Both radii are preserved in the ho- 
lotype specimen. The radius is short and ro- 
bust (fig. 12A). Its proximal end 1s firmly su- 
tured to the ulna over a large surface. The 
humeral cotyla of the radius is continuous 
with that of the ulna (fig. 12B). In dorsal or 
ventral view, both articular facets form a 
crescentic articular area for the reception of 
the single humeral condyle (fig. 12A). The 
radius contributes approximately one-third 
to this articular area. The distal end has a 
large radiocarpal articular facet oriented dor- 
socranially (fig. 12C) and extended proxi- 
mally. The caudal face has a well-developed 
ligamental depression ventrally limiting the 
radiocarpal articular facet. This depression 
separates the dorsal portion of the radiocar- 
pal articular facet from a proximal ventral 
extension of it that may be homologous to 
the ventral aponeurosis tubercle of modern 
birds. This articular surface continues ven- 
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Fig. 6. Middorsal vertebrae of holotype spec- 
imen of Mononykus olecranus. A, Caudal view of 
the second one; B, left lateral view. 


trally in a proximal projection nearly con- 
tacting the ulnar shaft (fig. 12A). 

CARPOMETACARPUS: Both carpometacarpi 
are preserved in the holotype specimen. It is 
our contention that at least one distal carpal, 
presumably homologous to the “‘semilunate 
carpal” of Archaeopteryx lithographica and 
nonavialian maniraptorans (see Ostrom, 
1976b), is fused with the alular metacarpal. 
These three metacarpi are in turn fused to 
each other without delimiting any interme- 
tacarpal space (fig. 13B, C); the sutures de- 
limiting these three bones are more distinct 
on the dorsal surface than on the ventral one. 
Dorsally, the carpometacarpus is convex, and 
it is concave ventrally. 

The alular metacarpal of Mononykus ole- 
cranus 1s hypertrophied and is the largest bone 
of the carpometacarpus (fig. 13A, B, C). It is 
dorsoventrally compressed. Distally, the al- 
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Fig. 7. Biconvex dorsal vertebra of holotype specimen of Mononykus olecranus. A, Stereopair of 
right lateral view; B, cranial view; C, caudal view; D, ventral view. 


ular metacarpal possesses a well-developed 
articular trochlea, transversely elongated and 
dorsoventrally compressed (fig. 13A). The 
major and minor metacarpi are considerably 
smaller than the alular metacarpal, over- 
hanging lateroventrally from the lateral mar- 
gin of the latter. No intermetacarpal space is 
present between them. Distally, the major 
metacarpal bears a small, rounded articular 
surface (fig. 13A, B) suggesting the presence 
of a vestigial phalanx of the major digit. The 
minor metacarpal is even smaller than the 
major one (fig. 13C). As in the latter, the 


distal end of the minor metacarpal possesses 
a small ball-shaped articulation indicating the 
possible presence of a vestigial minor digit. 
The proximal articular surface of the car- 
pometacarpus shows three distinct articular 
surfaces (fig. 13D). The medial one is pulley- 
like, and it is probably formed by the fused 
distal “‘semilunate”’ carpal. This interpreta- 
tion is based on comparison with the carpus 
of Archaeopteryx lithographica and nonavi- 
alian maniraptorans in which the semilunate 
bone also has a distal articulation in the form 
of a transverse trochlea, dorsoventrally com- 
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Fig. 8. Synsacrum of holotype specimen of Mononykus olecranus in cranial (A) and caudal (B) views. 


pressed. If this were not the case, then we 
would expect the proximal end of the alular 
metacarpal to be concave rather than having 
a convex trochlear surface (fig. 13C, D). Lat- 
eral to this articular facet there is a subtrian- 
gular facet mostly formed by the alular met- 
acarpal but also receiving a contribution of 
the major metacarpal. The third and most 
lateral articular facet is circular and consid- 
erably smaller than the other two. This facet, 
exclusively formed by the minor metacarpal, 
is nearly ventrally oriented, and it suggests 
the presence of a missing carpal. The rela- 
tionships between these facets and the radius- 
ulna are not clear, and no free carpals have 
been preserved. 

ALULAR DIGIT: The holotype specimen pre- 
serves both alular digits. The alular digit of 
Mononykus olecranus is large and very ro- 
bust, comprising two phalanges (fig. 14A, B). 
The proximal phalanx is dorsoventrally com- 
pressed and highly asymmetrical (fig. 14C). 
The metacarpal articular facet is broad. A 


robust dorsal process projects from the dor- . 


solateral corner of this facet. Ventrally, the 
lateral and medial borders of the phalanx form 
distinct ridges delimiting a broad axial fur- 
row. The distal end of the proximal phalanx 
possesses a well-developed phalangeal artic- 
ular facet. Proximal to this facet, on the dor- 
sal surface, there is a subcircular depression 


(fig. 14A). Fossae for the collateral ligament 
are present on both sides of the phalangeal 
articular facet (fig. 14B). 

The distal phalanx of the alular digit is a 
robust ungual phalanx. This phalanx is arched 
and distally sharp (fig. 14A, B), although it is 
less arched than in Archaeopteryx lithogra- 
phica and most nonavialian theropods (e.g., 
Deinonychus antirrhopus). The ventral area 
of the proximal end forms a flat surface; the 
flexor tubercle is completely absent. On both 
sides of this platform, small foramina are 
present (fig. 14D). Apparently these foramina 
were connected to the lateral and medial 
grooves of the phalanx. 


Pelvic Girdle 


Only a fragmentary portion of the left ilium 
and the proximal ends of both pubes are pre- 
served. 

ILtuM: The acetabular portion is the only 
available material (fig. 15A). In general, the 
ilium is low and the preserved postacetabular 
region is broader than the preacetabular one. 
The ilium is characterized by a robust and 
horizontally projected antitrochanter. The 
surface of the antitrochanter is convex and 
its main axis projects laterocaudally. The ac- 
etabular part of the ilium forms a large ace- 
tabular fossa pierced by a parabolic acetab- 
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Fig. 9. Left scapula and coracoid of holotype 
specimen of Mononykus olecranus in lateral view. 


ular foramen, with the main axis directed 
dorsocaudally. The ilium possesses a stout 
supracetabular crest overhanging the cranial 
half of the acetabular fossa (fig. 15A, B). The 
pubic peduncle is stout and subrectangular, 
with its main axis directed craniocaudally. 
The ischiadic peduncle is apparently either 
not developed or very reduced. The ischium 
would have abutted the ilium at the medio- 
ventral border of the antitrochanter. With the 
available material it is not possible to discern 
if the antitrochanter was exclusively formed 
by the ilium or if the latter bone and the 
ischium were fused, both contributing to the 
formation of this structure, as in modern 
birds. 

Pusis: Mononykus olecranus is opistho- 
pubic (fig. 15A). The proximal end of the 
pubis is compressed laterally, and in proxi- 
mal view the articular area for the ilium is 
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TABLE 2 
Measurements (mm), Thoracic Girdle, Holotype 
Specimen of Mononykus olecranus 


A. Maximum length of coracoid between glenoid facet 
and sternal margin 

B. Length of lateral projection of coracoid from level 
of glenoid facet 

C. Maximum width of preserved portion of sternal end 
of coracoid 

D. Maximum width of preserved portion of shoulder 
end of coracoid 


E. Maximum dorsoventral width of scapular shaft 

F. Maximum laterocostal width of scapular shaft 

G. Maximum length of scapular shaft 

H. Maximum dorsoventral width of glenoid surface of 
scapulocoracoid 

I. Maximum axial width of glenoid surface of scapulo- 
coracoid 

Left Right 

A 21.1 — 

B 13.3 _ 

Cc 19.7 — 

D 12.3 — 

E 6.8 6.8 

F 4.0 4.2 

G 73.1 73.2 

H 8.6 _ 

I 7.0 - 


convex medially and concave laterally (fig. 
15C). The pubic shaft is subtriangular in cross 
section; the lateral surface is flat, the medial 
convex, and the caudal one is concave. The 
pubis clearly contributes more than the is- 
chium to the acetabular fossa and foramen. 


Pelvic Limb 


FEMUR: Both femora are preserved. Prox- 
imally there is a well-developed trochanteric 
crest, with no indication of distinct lesser (an- 
terior) and greater trochanters (fig. 16A, B, 
D, F), in contrast to nonavialian theropods 
and Archaeopteryx lithographica. The medial 
and lateral surfaces of this crest are slightly 
concave and convex, respectively. The tro- 
chanteric crest is only slightly projected prox- 
imally with respect to the femoral head (fig. 
16A, C). The femoral head of Mononykus 
olecranus is stout with a circular cross sec- 
tion; a distinct fossa for the capital ligament 
is absent. The femoral neck is not constricted 
(figs. 16A, C). The femoral head is perpen- 
dicular to the trochanteric crest; in proximal 
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Fig. 10. Sternum of holotype specimen of Mononykus olecranus. A, Stereopair in ventral view; B, 
cranial view; C, right lateral view. 


view these two structures give the proximal teral and craniomedial surfaces and a flat cau- 
end of the femur an L-shaped aspect (fig. 16F). dal surface. At the midpoint of the proximal 
The femoral shaft of Mononykus olecranus half, on the medial margin of the caudal sur- 


is slender and craniocaudally bowed (figs. face, there is a weak ridge that we interpret 
16D). The mid-shaft area has a subtriangular as the fourth trochanter (fig. 16C, D). Im- 
cross section, with slightly convex craniola- mediately distal and lateral to the fourth tro- 


Fig. 11. Left humerus of holotype specimen of Mononykus olecranus. A, Cranial view; B, dorsal 
view; C, caudal view; D, proximal view; E, distal view. 
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TABLE 3 
Measurements (mm), Forelimb, Holotype 
Specimen of Mononykus olecranus 


Humerus 


A. Maximum length 
B. Maximum transverse width of proximal end of hu- 
merus 


C. Maximum transverse width of humeral head 

D. Maximum caudocranial width of humeral head 

E. Minimum transverse diameter of humeral shaft 

F. Maximum caudocranial diameter of humeral shaft 

G. Maximum transverse width of distal end of hu- 
merus 

H. Maximum transverse width of humeral condyle 

I. Maximum height of humeral deltopectoral crest 
from its base 

J. Maximum proximodistal width of humeral delto- 
pectoral crest 

Left Right 

A 36.7 36.6 

B 16.9 — 

Cc 10.2 10.2 

D 537 5.8 

E 7.9 7.4 

F 5.5 5.4 

G 14.6 14.4 

H 10.0 8.5 

I 7.9 — 

J 7.2 = 


Ulna-Radius 


A. Maximum length of ulna 

B. Maximum length of olecranal process 

C. Height of distal condyle 

D. Minimum lateromedial diameter of ulnar shaft 

E. Maximum transverse diameter of humeral articular 
facet of ulna 

F. Maximum length of radius 

G. Maximum distal extension 

H. Minimum lateromedial diameter of radial shaft 


Left Right 
A 34.4 33.6 
B 14.0 13.7 
c 8.5 8.2 
D 2.9 3.2 
E 6.7 6.9 
F 18.2 18.1 
G 8.8 8.7 
H 4.1 4.0 


Carpometacarpus 

A. Maximum width of metacarpal I 
B. Maximum width of metacarpal II 
C. Maximum width of metacarpal II 


NO. 3105 
TABLE 3—(Continued) 
D. Maximum length of metacarpal I 
E. Maximum length of metacarpal II 
F. Maximum length of metacarpal III 
Left Right 
A 16.5 16.6 
B 5.2 5.2 
Cc 4.4 4.7 
D 11.9 11.8 
E 9.5 8.6 
F 6.4 6.2 


Manus digit I 


A. Length of proximal phalanx 

B. Maximum height of proximal end of proximal pha- 
lanx 

C. Minimum height of proximal end of proximal pha- 
lanx 

D. Maximum transverse width of proximal end of 
proximal phalanx 

E. Maximum transverse width of distal end of prox- 
imal phalanx 


F. Maximum height of distal end of proximal phalanx 
G. Maximum length preserved of distal phalanx 

H. Maximum height of proximal end of distal phalanx 
I. Maximum transverse width of proximal end of dis- 

tal phalanx 
Left Right 

A 21.3 19.2 

B 12.4 12.3 

Cc 4.6 4.2 

D 16.0 13.1 

E 10.5 9.7 

F 7.9 7.4 

G 23.9 26.7 

H 9.9 9.7 

I 8.6 8.6 


chanter, there is a small nutrient foramen, 
similar to those in many birds. 

The cranial face of the distal end of the 
femur lacks a patellar groove (fig. 16A, EB), 
and this surface is fairly convex. Caudally, 
there is a well-developed, triangular popliteal 
fossa, limited distally by lateral and medial 
projections of the medial and lateral con- 
dyles, respectively, that nearly contact each 
other (fig. 16C, E). This condition approaches 
that of more advanced birds in which a hor- 
izontal shelf distally limits the popliteal fossa 
(Chiappe, 1992, in press). The medial con- 
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dyle is robust, round in distal view, and near- 
ly flat. The lateral condyle exhibits three tu- 
bercles or prominences (fig. 16E). The distal 
surface of this condyle is strongly convex. 
Caudally, it possesses a prominent ectocon- 
dylar tuber (see Welles, 1984) which projects 
medially forming the distal boundary of the 
popliteal fossa (see above) (fig. 16E). The third 


prominence of the lateral condyle projects” 


laterally from the lateral surface of the distal 
end, and defines caudally a triangular de- 
pressed area on the lateral face of the ecto- 
condylar tuber (fig. 16C, D, E). The ectocon- 
dylar tuber continues proximally with the 
lateral border of the popliteal fossa. A tibi- 
ofibular crest (as in modern birds) is absent, 
and the ectocondylar tuber is separated from 
the convex distal articular surface of the lat- 
eral condyle by a depressed concave area (fig. 
16D). The morphology of the ectocondylar 
tuber is consistent with the interpretation of 
this structure as the precursor of the modern 
avian tibiofibular crest (Chiappe, 1992, in 
press). In addition, the distal surface of the 
external projection of the lateral condyle 
probably articulated with the fibular head in 
the way the fibular trochlea of the femur of 
modern birds does. 

TIBIOTARSUs: The tibia of Mononykus ole- 
cranus is firmly united to the fused astragal- 
um-calcaneum, being coosified at several 
points (fig. 17A—D). For this reason we are 
describing all these ossifications as a single 
unit. In the holotype specimen, the left and 
the proximal third and distal end of the right 
tibiotarsi are preserved. 

The cranial face of the proximal end bears 
a strong crest (fig. 17B, C, E). This crest de- 
fines the craniomedial border of the laterally 
concave tibial incision, while the medial sur- 
face of the crest is convex. Over the medial 
face of this crest a second smooth crest is 
present (fig. 17C, E). These two crests are 
topographically identical to the lateral and 
medial cnemial crests of modern birds. The 
medial crest of Mononykus olecranus, how- 
ever, is not as distinct as in most modern 
birds, and the area separating both crests 
forms neither an intercrestal groove nor a 
patellar crest. 

The proximal articular surface of the tibio- 
tarsus is laterally inclined (fig. 17C, D). The 
medial border of the medial articular facet 
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Fig. 12. Right radius and ulna of holotype 
specimen of Mononykus olecranus. A, Dorsal view; 
B, proximal view; C, distal view. 


projects proximally. In proximal view, the 
medial articular facet is well delimited and 
suboval in shape (fig. 17E). Likewise, the lat- 
eral articular facet is well defined, rounded, 
and, as in modern birds, slopes laterocaudally 
(fig. 17B, D). The articular facets are sepa- 
rated by a small proximal depression and a 
notch caudally. 

The nearly straight tibial shaft is slender. 
It is circular in cross section; the cortices are 
fairly thick, as exposed on the broken right 
element. On the lateral surface of the proxi- 
mal third, there is a distinct fibular crest (figs. 
17C, D). 

On the distal end, the astragalum and cal- 
caneum, apparently completely fused with 
each other, are intimately united to the tibia, 
being partially coosified with it (figs. 17A, B, 
D). Cranially there is a large triangular, lam- 
inate, ascending process. The medial margin 
of the ascending process, at the level of its 
base, is excavated by a deep notch (fig. 17C). 
The distal condyles are very well defined. The 
lateral one is transversely more narrow and 
craniocaudally shorter than the medial one. 
The tibiotarsus lacks both an extensor canal 
and supratendinal bridge. 

FIBULA: Only the right fibular head is pre- 
served in the holotype specimen. It is laterally 
compressed and narrower cranially than cau- 
dally. The lateral surface is convex while the 
medial one is nearly flat. On the cranial half 
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Fig. 13. Left carpometacarpus of holotype specimen of Mononykus olecranus. A, Distal view; B, 


ventral view; C, dorsal view; D, proximal view. 


of the medial surface, there is a small de- 
pression that might be homologous to the 
much larger medial fossa of the fibula of sev- 
eral nonavialian theropods (e.g., ornithom- 
imids, Deinonychus antirrhopus). The ab- 
sence of evidence for fibular articulation on 
the lateral surface of the distal end of the 
tibiotarsus suggests that the fibula of Mono- 
nykus olecranus does not reach the tarsal area. 
METATARSALS: The holotype specimen of 
Mononykus olecranus preserves the proximal 
end of left metatarsals II and IV, the distal 
end of left metatarsals I-IV, left metatarsal 
I, and the distal ends of right metatarsals II 
and IV. Fusion between metatarsals is absent. 
It is uncertain, however, whether the distal 
tarsals are indistinguishably fused to the met- 
atarsals, or instead were not preserved. 
Only metatarsals II and IV take part in the 
ankle joint of Mononykus olecranus (fig. 18 
A, D-F). The proximal end of metatarsal III 
is reduced and does not reach the articular 
surface. Both the articular surfaces and the 
cross section of the shaft of metatarsals II and 


IV are subtriangular and subquadrangular, 
respectively (fig. 18F). No hypotarsus is pres- 
ent. 

The distal end of metatarsal III projects 
distally more than the remaining ones. The 
shaft of this metatarsal tapers proximally (fig. 
18B, G), and in cross section it is triangular. 
The dorsal surface is flat, with convex lateral 
and medial margins (fig. 18B, G). The plantar 
surface of the shaft forms a ridge separating 
lateral and medial surfaces for the apposition 
of metatarsals ITV and II, respectively (fig. 
18H). The trochlea of metatarsal III is sym- 
metrical; fossae for the collateral ligaments 
are present on both sides of it. The trochleae 
of metatarsals II and IV are asymmetrical (fig. 
181). In the trochlea of metatarsal II the lat- 
eral rim is remarkably thick and projected 
more plantarily than the medial one; the me- 
dial rim forms a small and slender crest (fig. 
181). The lateral surface of this trochlea has 
a shallow fossa for the collateral ligament. On 
the trochlea of metatarsal IV the lateral rim 
is more prominent than the medial one (fig. 
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18H, I). Laterally, the margin of the lateral 
rim is separated from the cranial margin of 
the trochlea by a small notch (fig. 181). This 
trochlea bears a lateral fossa for the collateral 
ligament. The cross section of the shaft of 
metatarsals II and IV is approximately cir- 
cular. 

Metatarsal I is a small, straight bone that 
tapers proximally (fig. 18C). Medially, there 
is a short vertical crest on the proximal half 
of the trochlea. Unfortunately, the state of 
disarticulation and the absence of a visible 
articular scar for its attachment on metatarsal 
II prevents determination of its position with 
respect to the other metatarsals (i.e., whether 
it was reverted). 

PEDAL PHALANGES: The phalangeal for- 
mula is 2-3-4-5-0. In general terms, the ar- 
ticular trochleae and cotylae of all phalanges 
of Mononykus olecranus are very well de- 
veloped. The hallux possesses a short and 
asymmetrical proximal phalanx with a well 
developed and dorsally extended articular 
trochlea (fig. 18B, C). The fossa for the col- 
lateral ligament is developed laterally but not 
medially. The distal phalanx of the hallux is 
not completely preserved. As in the remain- 
ing distal phalanges, the flexor tubercle is not 
developed (fig. 18C). 

In the second digit, the proximal phalanx 
is much larger than the intermediate phalanx 
(fig. 18B). Like the proximal phalanges of the 
third and fourth digit it has a round articular 
cotylus. Dorsally, proximal to the articular 
trochlea, these phalanges exhibit a deep sub- 
triangular fossa. Fossae for collateral liga- 
ments are well developed on both sides of 
these phalanges. The distal phalanx of the 
second digit is the largest of the distal pha- 
langes. As in the remaining distal phalanges, 
this phalanx is sharp, slightly curved, and 
possesses deep, L-shaped longitudinal grooves 
on both sides. 

In the third digit, the proximal and inter- 
mediate phalanges distally decrease in length. 
The proximal phalanx has a well-developed 
fossa for the collateral ligament as well as a 
dorsal fossa proximal to the articular troch- 
lea. In the two intermediate phalanges the 
fossa for the collateral ligament is poorly de- 
veloped. The distal phalanx is similar to that 
of the second digit but slightly smaller. 
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Fig. 14. Right alular digit of holotype speci- 
men of Mononykus olecranus. 


The proximal and intermediate phalanges 
of the fourth digit are short (fig. 18B). Deep 
dorsal fossae are developed in the proximal 
and first two intermediate phalanges. Like- 
wise, well-developed fossae for the collateral 
ligament are present in these three phalanges, 
while this fossa is less developed in the last 
intermediate phalanx. 


DISCUSSION 


The phylogenetic relationships of Mono- 
nykus olecranus are discussed elsewhere (Perle 
et al., 1993a); the results of a phylogenetic 
analysis are portrayed in figure 19. The phy- 
logeny depicted in figure 19 has important 
implications regarding the transformation 
pattern of many avialian characteristics (Perle 
et al., 1993a). 

Mononykus olecranus is one of the most 
unusual avialians ever to be discovered (fig. 
20). Its short, robust forelimb possesses fea- 
tures indicating that the enlarged first digit 
could be manipulated with great power. This 
forelimb evokes comparison with that of fos- 
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Fig. 15. Pelvis of holotype specimen of Mononykus olecranus. A, Stereopair of lateral view of left 
ilium and pubis; B, left ilium in ventral view; C, left pubis in proximal view. 


sorial tetrapods, yet the remainder of the body 
is that of a gracile cursor. This unusual com- 
bination of features is all the more remark- 
able considering that our phylogenetic anal- 
ysis (Perle et al., 1993a) indicates that 
Mononykus olecranus is more closely related 
to extant birds than is the classic ““Urvogel”’ 
Archaeopteryx lithographica. 

Although the many unique features of 
Mononykus olecranus are readily interpret- 
able as evolutionary specializations, other 
autapomorphies are apparent only within the 
context of a phylogenetic analysis. For ex- 
ample, several features that Mononykus ole- 
cranus shares with extant birds are most par- 
simoniously interpreted to be convergent 
because they are absent in other basal avi- 
alians (Perle et al., 1993a). These features thus 
evolved within the lineage leading to Mon- 
onykus olecranus from its common ancestor 
with extant birds. Below we review the evo- 
lutionary specializations of Mononykus ole- 
cranus as inferred from our phylogenetic 
analysis. 


Mononykus olecranus possesses several pe- 
culiar autapomorphies. In the axial skeleton, 
the presence of anterior dorsal vertebrae with 
the zygapophysial articular surfaces located 
in the same plane as the costal foveae and 
transverse processes is a condition absent in 
nonavialian theropods (Ostrom, 1969; Os- 
molska et al., 1972; Madsen, 1976), Ibero- 
mesornis romerali (Sanz and Bonaparte, 
1992), Enantiornithes, Patagopteryx defer- 
rarlisi (Chiappe, 1992), and Ornithurae. The 
presence of a biconvex posterior dorsal ver- 
tebra and a procoelic synsacrum are only 
shared between Mononykus olecranus and the 
Late Cretaceous Patagonian bird Patagopte- 
ryx deferrariisi (Chiappe, 1992) among Ther- 
opoda. This common condition is interpret- 
ed as independently developed in both 
Mononykus olecranus and Patagopteryx de- 
ferrariisi (Perle et al., 1993a). Another auta- 
pomorphic feature of the axial skeleton of 
Mononykus olecranus is the remarkable lat- 
erally compressed, keeled centra of the caudal 
synsacral vertebrae. Keeled synsacral verte- 
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Fig. 16. Left (A, B, D, F) and right (C, E) fenioa us holotype specimen of Mononykus olecranus. A, 
Cranial view; B, medial view; C, caudal view; D, lateral view; E, distal view; F, proximal view. 


brae were reported in [beromesornis romerali 
(Sanz and Bonaparte, 1992) and the ornithu- 
rine Early Cretaceous British bird Enaliornis 
barretti (Seeley, 1876). Nevertheless, the syn- 
sacral vertebrae of Iberomesornis romerali are 
exposed ventrally and no indication of a keel 
is visible (personal observ. LMC; see also Sanz 


and Bonaparte, 1992: fig. 3). Likewise, in En- 
aliornis barretti the “‘keel’’ is apparently the 
round ventral edge of the centra in the middle 
of the synsacrum (Seeley, 1876: fig. 15). In 
fact, the posterior part of the Enaliornis bar- 
retti synsacrum lacks any keel, as is shown 
in Seeley’s figure 17. Thus, the pronounced 
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Fig. 17. Left tibiotarsus of holotype specimen 
of Mononykus olecranus. A, Medial view; B, lat- 
eral view; C, cranial view; D, caudal view; E, prox- 
imal view. 


ventral keel of the synsacral vertebrae of 
Mononykus olecranus is clearly an autapo- 
morphic feature of this taxon. 

The thick carina on the sternum of Mon- 
onykus olecranus is another unique derived 
feature of this taxon. Although the sternal 
carina is considered homologous to other avi- 
alian carina (see description), its morphology 
differs from that of all other known avialian 
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TABLE 4 
Measurements (mm), Hindlimb, Holotype 
Specimen of Mononykus olecranus 


Femur 

A. Maximum length 

B. Maximum craniocaudal width of proximal end 

C. Maximum lateromedial width of proximal end 

D. Craniocaudal width of mid-shaft 

E. Maximum transverse diameter of distal end 

F. Craniocaudal width of lateral condyle 

G. Craniocaudal width of medial condyle 

A 138.6 138.2 

B 20.9 19.8 

C 23.1 23.1 

D 12.1 12.6 

E 22.0 25.5 

F 20.9 20.3 

G 18.9 17.9 

Tibiotarsus 

A. Maximum length 

B. Maximum craniocaudal width of proximal end 

C. Maximum lateromedial width of proximal end 

D. Craniocaudal width of mid-shaft 

E. Transverse width of mid-shaft 

F. Maximum transverse diameter of distal end 

G. Maximum craniocaudal width of lateral condyle 

H. Maximum craniocaudal width of medial condyle 

I. Height of astragalus with ascending process 
Left Right 

A 175.2 — 

B 22.0 22.6 

Cc 19.5 21.4 

D 9.8 — 

E 11.0 — 

F 20.6 19.0 

G 15.1 14.2 

H 16.3 16.3 

I 28.1 — 


Metatarsals and pedal digits 


A. Maximum transverse width of proximal end of 
metatarsal IT 

B. Maximum transverse width of proximal end of 
metatarsal IV 

C. Maximum dorsoplantar width of proximal end of 
metatarsal IT 

D. Maximum dorsoplantar width of proximal end of 
metatarsal IV 

E. Maximum transverse width of distal end of meta- 


tarsal IT 

F. Maximum transverse width of distal end of meta- 
tarsal ITI 

G. Maximum transverse width of distal end of meta- 
tarsal IV 
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TABLE 4—(Continued) 


Maximum length of metatarsal I 
Total length of digit I 

Total length of digit IT 

Total length of digit III 

Total length of digit IV 


PASS os 


Left Right 


10.4 — 
9.4 — 
14.2 - 
13.0 _ 
8.7 8.1 
9.2 — 
8.1 7.3 
14.5 _ 
16.9 — 
41.5 — 
50.9 — 
46.1 — 
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sterna. The sternal carina of Avialae, when 
present, forms a slender lamina in which the 
sides are perpendicular to the horizontal 
plane; in Mononykus olecranus the sides of 
the carina are not perpendicular but diagonal 
to this plane, giving the sternum a triangular 
cross section. 

Another feature that Mononykus olecranus 
shares with Patagopteryx deferrariisi is the 
position of the antitrochanter. In these two 
taxa the main axis of the antitrochanter pro- 
jects laterocaudally instead of dorsocaudally 
as in ornithurine birds (Chiappe, 1992). 
The presence of the latter condition in En- 
antiornithes plus its uncertain condition in 
Iberomesornis romerali, taxa intermediate 
between Mononykus olecranus and Patagop- 
teryx deferrariisi (see Chiappe, 1992; in press), 
prevents definitive statement about the status 
of this character. Hence, with the available 
data this feature could be interpreted either 
as a primitive state with respect to the or- 
nithurine condition or as independently ac- 
quired in both Mononykus olecranus and Pa- 
tagopteryx deferrariisi. 

Interestingly, two cnemial crests are pres- 
ent on the tibia of Mononykus olecranus. 
These crests match topographically with the 
ornithurine lateral and medial cnemial crests. 
As was interpreted for ornithurines (see 
Chiappe, 1992), we interpret the develop- 
ment of a medial crest as the evolutionary 
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A novelty, while the lateral crest is regarded as 

ey Sot primitive and homologous to the single cne- 
mial crest of other nonornithurine theropods 
(contra Ostrom, 1976a; Cracraft, 1986). The 
distribution of this character among different 
avialian taxa supports an independent origin 
in Mononykus olecranus and ornithurine birds 
(Chiappe, 1992). In this respect, Mononykus 
olecranus differs from other nonornithurine 
theropods in which the tibia bears a single 
cnemial crest (Chiappe, 1992; in press). The 
presence of a medial cnemial crest in Mon- 
onykus olecranus is considered an autapo- 
morphy of this taxon. 

Another autapomorphic character of the 
tibia of Mononykus olecranus is the presence 
of a deep notch excavating the ascending pro- 
cess of the astragalum. This notch is absent 
or slightly developed in nonavialian thero- 
pods (Osborn, 1916; Lambe, 1917; Osmolska 
et al., 1972; Barsbold, 1974; Madsen, 1976) 
and birds other than Mononykus olecranus 
(McGowan, 1985a; Sanz and Bonaparte, 
1992). Relevant to the discussion of bird or- 
igins is the supposed presence of a “‘pretibial 
bone”’ [an ossification homologous to the as- 
cending process (see McGowan, 198Sa, b)] 
proximal to the calcaneum of Archaeopteryx 
lithographica and other Mesozoic birds (see 
Martin et al., 1980; Martin and Stewart, 1985; 
Martin, 1991). Our interpretation of the con- 
troversial anatomy of Archaeopteryx litho- 
graphica, in this case based on the Eichstatt 
specimen, disagrees with Martin’s viewpoint. 
As was emphatically claimed by McGowan 
(1985a, b) against Martin and Stewart’s (1985) 
arguments, the lateral location of the ascend- 
ing process of Archaeopteryx lithographica 
does not necessarily require that this struc- 
ture was equivalent to the neognathine “‘pre- 
tibial bone.”” Again, the anatomy of Mono- 
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Fig. 18. Left metatarsals and digits of holotype 
specimen of Mononykus olecranus. A, Proximal 
end of metatarsals II and IV in dorsal view; B, 
metatarsal I and digit I, distal ends of metatarsals 
II~IV and digits II-IV in dorsal view; C, medial 
view of metatarsal I and digit I; D-F, proximal 
ends of metatarsals II and IV in dorsal, plantar 
and proximal views; G-I, distal ends of metatar- 
sals II-IV in dorsal, plantar and distal views. 
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Fig. 19. Cladogram depicting the inferred relationships of Mononykus olecranus to other avialians 


(after Perle et al., 1993a). 


nykus olecranus sheds light on this issue. The 
“pretibial bone” is absent in the superbly pre- 
served holotype specimen of Mononykus ole- 
cranus, and the ascending process occupies a 
lateral position as it does in Archaeopteryx 
lithographica and nonavialian theropods 
(Osborn, 1916; Barsbold, 1974; Madsen, 
1976). It is our contention that the ascending 
process of Archaeopteryx lithographica and 
Mononykus olecranus is homologous to the 
same structure in nonavialian theropods. 
The arctometatarsalian condition of the 
foot of Mononykus olecranus is unique among 
Avialae. This condition has often been con- 
sidered as independently developed in dif- 
ferent nonavialian theropod groups (Gau- 
thier, 1986; Paul, 1988; Weishampel et al., 
1990), although it was recently claimed that 
it might have had a single origin (Holtz, 1991; 
Novas, 1992). Our phylogenetic interpreta- 


tion of Mononykus olecranus indicates that 
regardless of whether this condition evolved 
only once among nonavialian theropods, it 
evolved at least twice in theropod history. 

The forelimb of Mononykus olecranus pos- 
sesses its most remarkable specializations. 
The pronounced pillarlike deltopectoral crest 
of the humerus, the proximal projection of 
the ventral tubercle, and the presence of a 
single condylar structure are unique to this 
taxon among theropods. Likewise, the hy- 
pertrophy of the olecranon of the ulna, the 
massive and quadrangular carpometacarpus, 
the robust and sturdy claw of the alular digit, 
and the extreme reduction of the major and 
minor digits, are unique derived features of 
this taxon. 

Radical forelimb modification is a recur- 
rent theme in theropod evolution (Novas, 
1992). Generally these modifications fall into 
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Fig. 20. Skeletal reconstruction of Mononykus olecranus (after Perle et al., 1993a). 


two broad categories. Forelimb elongation 
occurs in Therezinosaurus cheloniformis, 
Deinocheirus mirificus, Ornithomimidae, and 
Maniraptora (Weishampel et al., 1990). If 
these taxa form a monophyletic group, this 
feature may represent a single evolutionary 
transformation. Forelimb reduction, how- 
ever, has occurred independently several 
times during theropod history [e.g., in Neo- 
ceratosauria, Tyrannosauridae, Torvosaurus 
tanneri (see Novas, 1992), and several groups 
of birds (see Feduccia, 1980)]. Among birds, 
usually this transformation is accompanied 
by coincident simplification of the forelimb 
elements (e.g., Hesperornithiformes, Diatry- 
midae, Apterygidae, Dromaiidae, and oth- 
ers). In Mononykus olecranus this is obvi- 
ously not the case, and in no other dinosaur 
example has forelimb reduction paralleled the 
morphological transformation seen in this 
taxon. 

The forelimb specializations of Monony- 
kus olecranus are similar to those of some 


fossorial tetrapods. The large deltopectoral 
crest of the humerus, the huge olecranon of 
the ulna, the short and massive forelimb el- 
ements and carpometacarpus, and the robust 
claw of the alular digit all suggest extremely 
powerful movements of the forelimb. The 
relationships between the articulation sur- 
faces of the different elements of the forelimb 
restrict the range of motion mainly to ab- 
duction-adduction movements, with most 
power during adduction. Paradoxically, the 
shortness of the forelimb relative to the rest 
of the body, and the elongate gracile hind- 
limb, are incongruous with a burrowing hab- 
itus, and the forelimbs were presumably used 
for some other function requiring powerful 
movement. 


CONCLUSION 


Mononykus olecranus demonstrates the 
existence ofa peculiar group of primitive birds 
during the Cretaceous, with bizarre special- 
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izations that are unique among the previously 
known theropod diversity. The superb three- 
dimensional preservation of the holotype 
specimen provides significant new informa- 
tion on basal avialian anatomy and clarifies 
longstanding controversies on primitive con- 
ditions. The osteology of Mononykus ole- 
cranus emphasizes anew the complexity of 
the morphological transformations during the 
first half of avialian history, highlighting our 
ignorance of the transition from nonavialian 
theropods to modern birds. 


ACKNOWLEDGMENTS 


This paper would not have been possible 
without the help of a great many people. We 
thank Lowell Dingus, Director of the Amer- 
ican Museum Fossil Hall Renovation, for ap- 
proving the molding and casting of the type 
specimen. Marilyn Fox and Dennis Wilson 
(AMNH) skillfully completed this work. Dis- 
cussions with Jacques Gauthier (California 
Academy of Sciences), Larry Witmer (New 


PERLE ET AL.: MONONYKUS OLECRANUS OF MONGOLIA 27 


York College of Osteopathic Medicine), and 
John Ostrom (Yale Universtity), and the re- 
views of Joel Cracraft (AMNH), Larry Wit- 
mer, and John Ostrom significantly im- 
proved the paper. Amy Davidson’s (AMNH) 
preparation skills on the braincase are ap- 
preciated. For help in Mongolia we thank 
Dashzeveg Demberelyin (Mongolian Acad- 
emy of Sciences) and Boldsukh Tsagaany 
(General Scientific Secretary, Mongolian 
Academy of Sciences). Joan Davis (AMNH) 
is thanked for her help in getting the manu- 
script into publishable form. This work was 
funded by a grant to Michael Novacek 
(AMNB) from the IREX Foundation, a grant 
from the Philip M. McKenna Foundation, 
DEB-930070 from the National Science 
Foundation, the Department of Vertebrate 
Paleontology (AMNH), and the Frick Lab- 
oratory Endownment (AMNH). We would 
especially like to thank Michael Ellison 
(AMNB) for his skill and hard work in pre- 
paring the figures, which substantially im- 
prove the content and usefulness of this pa- 
per. 


REFERENCES 


Ax, P. 

1987. The phylogenetic system. Chichester: 

Wiley, 340 pp. 
Barsbold, R. 

1974. Saurornithoididae, a new family of small 
theropod dinosaurs from central Asia 
and North America. Zn Z. Kielan-Ja- 
worowska (ed.), Results of the Polish- 
Mongolian paleontological expedition, 
part V. Palaeontol. Polonica 30: 5-22. 

1983. Carnivorous dinosaurs from the Late 


Cretaceous of Mongolia. Acad. Nauk. 
SSSR. Trudy Paleontol. Inst. 19: 1-117. 
{In Russian]. 
Baumel, J. J. and L. M. Witmer 
1993. Osteologia. Jn J. J. Baumel, A. S. King, 
J. E. Breazile, H. E. Evans, and J. C. 
Vanden Berge (eds.), Handbook of avi- 
an anatomy: nomina anatomica avium. 
Publ. Nuttall Ornithol. Club (23): 45- 
132. 
Chiappe, L. M. 
1991. Cretaceous birds of Latin America. Cre- 
taceous Res. 12: 55-63. 
1992. Osteologia y sistematica de Patagopte- 
ryx deferrariisi Alvarenga y Bonaparte 


(Aves) del Cretacico de Patagonia. Fil- 
ogenia e historia biogeografica de las aves 
Cretacicas de América del Sur. Tesis 
Doctoral, Facultad de Ciencias Exactas 
y Naturales, Universidad de Buenos Ai- 
res. 429 pp. 

In press. Late Cretaceous birds of southern 
South America: anatomy and system- 
atics of Enantiornithes and Patagopte- 
ryx. In G. Arratia (ed.), Contribution of 
southern South America to vertebrate 
paleontology. Rev. Geol. Chilena. 

Cracraft, J. 

1986. The origin and early diversification of 

birds. Paleobiology 12(4): 383-399. 
De Queiroz, K. and J. Gauthier 

1992. Phylogenetic taxonomy. Annu. Rev. 

Ecol. Syst. 23: 449-480. 
Farris, J. S. 

1988. Hennig 86 references. Documentation 

for version 1.5. Privately published. 
Feduccia, A. 

1980. The age of birds. Cambridge, MA: Har- 

vard Univ. Press. 196 pp. 
Gauthier, J. 
1986. Saurischian monophyly and the origin 


28 AMERICAN MUSEUM NOVITATES 


of birds. Jn K. Padian (ed.), The origin 
of birds and the evolution of flight. Mem. 
California Acad. Sci. 8:1-55. 
Hecht. M., J. H. Ostrom, G. Viohl, and P. Welln- 
hofer 


1985. The beginnings of birds. Proceedings of 
the International Archaeopteryx Con- 
ference, Eichstatt 1984, 381 pp. 

Hennig, W. 

1969. Die Stammesgeschichte der Insekten. 
Frankfurt am Main: E. Kramer. 436 pp. 

1981. Insect phylogeny. Chichester: Wiley. 


Holtz, T. R. Jr. 

1991. An unusual structure of the metatarsus 
of Theropoda of the Cretaceous. J. Ver- 
tebr. Paleontol. 11(Supp. 3): 35A. 

Jerzykiewicz, T., and D. A. Russell 

1991. Late Mesozoic stratigraphy and verte- 
brates of the Gobi Basin. Cretaceous 
Res. 12: 345-377. 

King, A. S., and J. McLelland 

1984. Birds, their structure and function, 2nd. 

ed. London: Bailliere Tindall, 334 pp. 
Kurochkin, E. N. 

1985. A true carinate bird from Lower Cre- 
taceous deposits in Mongolia and other 
evidence of early Cretaceous birds in 
Asia. Cretaceous Res. 6: 271-278. 

Lambe, L. M. 

1917. The Cretaceous theropodous dinosaur 
Gorgosaurus. Mem. Geol. Surv. Canada 
100: 1-84. 

Lillegraven, J., and M. McKenna 

1986. Fossil mammals from the “‘Mesa Ver- 
de’’ Formation (Late Cretaceous, Judi- 
thian) of the Bighorn and Wind River 
Basins, Wyoming, with definitions of 
Late Cretaceous North American Land- 
Mammal “‘Ages”. Am. Mus. Novitates 
2840: 68 pp. 

Lucas, S. G. 

1992. Extinction and the definition of the Class 
Mammalia. Syst. Biol. 41 (3): 370-371. 

Madsen, J. A. 

1976. Allosaurus fragilis. A revised osteology. 

Bull. Utah Geol. Min. Surv. 109: 1-163. 
Maddison, W. P., and D. R. Maddison 

1992. MacClade, Analysis of phylogeny and 
character evolution (Version 3). Sun- 
derland: Sinauer Associates, 397 pp. 

Martin, L. D. 

1991. Mesozoic birds and the origin of birds. 
In H. P. Schultze and L. Trueb (eds.), 
Origins of the higher groups of tetra- 
pods, pp. 485-540. Ithaca: Comstock. 

Martin, L. D., and J. D. Stewart 

1985. Homologies in the avian tarsus. Nature 
315: 159. 

Martin, L. D., J. D. Stewart, and S. Tarsitano 


NO. 3105 


1980. The origin of birds: structure of the tar- 

sus and teeth. Auk 97: 86-93. 
McGowan, C. 

1985a. Tarsal development in birds: evidence 
for homology with the theropod con- 
dition. J. Zool., London (A) 206: 53-67. 

1985b. Reply to Martin and Stewart. Nature 
315: 159-160. 

Norell, M. A., L. M. Chiappe, and J. M. Clark 
1993a. New limb on the avian family tree. Nat. 
Hist. 102(9): 38-43. 
Norell, M. A., J. M. Clark, and L. M. Chiappe 
1993b. Naming names. Nature 366: 518. 
Novas, F. E. 

1992. La evolucion de los dinosaurios carni- 
voros. In J. L. Sanz and A. D. Busca- 
lioni (eds.), Actas del Segundo Curso de 
Paleontologia en Cuenca, pp. 125-163. 
Cuenca: Instituto “Juan de Valdes”. 

Osborn, H. F. 

1916. Skeletal adaptations of Ornitholestes, 
Struthiomimus, Tyrannosaurus. Bull. 
Am. Mus. Nat. Hist. 35: 733-771. 

Osmolska, H., E. Roniewicz, and R. Barsbold 

1972. Anew dinosaur, Gallimimus bullatus n. 
gen. n. sp. (Ornithomimidae) from the 
Upper Cretaceous of Mongolia. Pa- 
laeontol. Polonica 27: 103-143. 

Ostrom, J. H. 

1969. Osteology of Deinonychus antirrhopus, 
an unusual theropod dinosaur from the 
Lower Cretaceous of Montana. Bull. 
Peabody Mus. Nat. Hist. 30: 1-165. 

1976a. Archaeopteryx and the origin of birds. 
Biol. J. Linn. Soc. 8: 91-182. 

1976b. Some hypothetical anatomical stages in 
the evolution of avian flight. Jn S. L. 
Olson (ed.), Collected papers in avian 
paleontology honoring the 90th birth- 
day of Alexander Wetmore. Smithson. 
Contrib. Paleobiol. 27: 1-21. 

Patterson, C. 
1993. Bird or dinosaur? Nature 365: 21-22. 
Paul, G. 

1988. Predatory dinosaurs of the world. New 

York: Simon & Schuster, 464 pp. 
Perle, A., M. A. Norell, L. M. Chiappe, and J. 

Clark 

1993a. Flightless bird from the Cretaceous of 
Mongolia. Nature 362: 623-626. 

1993b. Correction to flightless bird from the 
Cretaceous of Mongolia. Nature 362: 
623-628. 

Rowe, T., and J. Gauthier 

1992. Ancestry, paleontology, and definition 
of the name Mammalia. Syst. Biol. 41(3): 
372-378. 

Sanz, J. L., and J. F. Bonaparte 
1992. Iberomesornis romerali, a fossil small 


1994 


bird articulated skeleton from the early 

Cretaceous of Spain. Jn K. E. Campbell 

(ed.), Papers in avian paleontology, 

honoring Pierce Brodkorb, Sci. Ser. Nat. 

Hist. Mus. Los Angeles Cty. 36: 39-49. 
Sanz, J. L., and A. Buscalioni 

1992. A new bird from the early Cretaceous 
of Las Hoyas, Spain, and the early ra- 
diation of birds. Palaeontol. 35(4): 829- 
845. 

Seeley, H. G. 

1876. On the British fossil Cretaceous birds. 

Q. J. Geol. Soc. London 32: 496-512. 
Sereno, P., and C. Rao 

1992. Early evolution of avian flight and 
perching: new evidence from Lower 
Cretaceous of China. Science 255: 845-— 
848. 

Swofford, D. L. 

1985. Phylogenetic analysis using parsimony. 
Version 3.0. Champaign: Illinois Nat- 
ural History Survey. 41 pp. 

Weishampel, D. B., P. Dodson, and H. Osmolska 

1990. The Dinosauria. Berkeley: Univ. Cali- 

fornia Press, 733 pp. 


PERLE ET AL.: MONONYKUS OLECRANUS OF MONGOLIA 29 


Wellnhofer, P. 

1992. Anew specimen of Archaeopteryx from 
the Solnhofen limestone. Jn K. E. 
Campbell (ed.), Papers in avian pale- 
ontology, honoring Pierce Brodkorb, Sci. 
Ser. Nat. Hist. Mus. Los Angeles Cty. 
36: 3-23. 

Welles, S. P. 

1984. Dilophosaurus wetherilli (Dinosauria, 
Theropoda): osteology and compari- 
sons. Paleontographica 185: 85-180. 

Witmer, L. M. 

1987. The nature of the antorbital fossa of ar- 
chosaurs: shifting the null hypothesis. 
In P. J. Currie and E. H. Koster (eds.), 
Fourth symposium on Mesozoic terres- 
trial ecosystems, short papers, Occas. 
Pap.Tyrrell Mus. Paleontol. 3: 230-235. 
The craniofacial air sac system of Me- 
sozoic birds (Aves). Zool. J. Linn. Soc. 
100: 327-378. 

Zhou, Z., F. Jin, and J. Zhang 

1992. Preliminary report on a Mesozoic bird 
from Liaoning, China. Chinese Sci. Bull. 
37(16): 1365-1368. 


1990. 


APPENDIX 1 
Anatomical abbreviations used in 
figures 2-18. 
ACR acromion LAF lateral articular facet 
AFQ §s$ articular facet for quadrate LIG _ligamental depression 
ALM se alular metacarpal MAF medial articular facet 


AMA articular facet of major metacarpal 


AMI §s articular facet of minor metacarpal 

ANT = antitrochanter 

AOF §santorbital fenestra 

APO proximal extension of ventral aponeurosis 
tubercle 

ASP _ ascending process of astragalus 

AVF vertebral arch 

A+C §astragalus and calcaneum 

COF costal fovea 

CON condyle 

DEM dentigerous margin 

DOE dorsal epicondyle 

DOP spinous process of vertebral arch 

ECT  ectocondylar tuber 

EXO _ external projection of lateral condyle 

FCE central proximal articular facet 


FIC _ fibular crest 


FLA lateral proximal articular facet 

FMI proximal articular facet of minor meta- 
carpal 

FTR __ fourth trochanter 


IPF infrapostzygapophysial fossa 
lateral crest 


MAM major metacarpal 


MEC medial crest 

MIM_ minor metacarpal 
MX maxilla 

OLE olecranon 

PEC  deltopectoral crest 
POF popliteal fossa 
POP _paroccipital process 
PUP pubic peduncle 


Q quadrate 

radius 

rostral tympanic recess. 

suture between alular and major metacar- 

pals 

supracoracoid nerve foramen 

SMM suture between major and minor meta- 
carpals 


SUC _ supracetabular crest 
TRC _ trochanteric crest 
ULN ulna 

VEP ventral process 
VET ventral tubercle 
I-IV’ metatarsals I to IV 
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